We propose and demonstrate a novel laser cooling mechanism applicable to particles with narrowlinewidth optical transitions. By sweeping the frequency of counter-propagating laser beams in a sawtooth manner, we cause adiabatic transfer back and forth between the ground state and a longlived optically excited state. The time-ordering of these adiabatic transfers is determined by Doppler shifts, which ensures that the associated photon recoils are in the opposite direction to the particle's motion. This ultimately leads to a robust cooling mechanism capable of exerting large forces via a weak transition and with reduced reliance on spontaneous emission. We present a simple intuitive model for the resulting frictional force, and directly demonstrate its efficacy for increasing the total phase-space density of an atomic ensemble. We rely on both simulation and experimental studies using the 7.5 kHz linewidth 1 S0 to 3 P1 transition in 88 Sr. The reduced reliance on spontaneous emission may allow this adiabatic sweep method to be a useful tool for cooling particles that lack closed cycling transitions, such as molecules.
The development of Doppler cooling and sub-Doppler cooling in the 1980's has revolutionized our ability to control neutral atoms, ions, and mechanical resonators [1] [2] [3] . Since then, Doppler cooling techniques have been extended to narrow-linewidth optical transitions to achieve lower temperatures and high phase-space density [4] [5] [6] [7] [8] [9] . Additionally, there is an ongoing effort to use Doppler cooling for molecules [10, 11] . Each of these pursuits face certain persistent limitations. The use of weak transitions limits the forces achievable with Doppler cooling, and the narrow linewidth of the transition makes the cooling very sensitive to perturbations of the cooling transition frequency [12] and technical drifts in the cooling laser frequency. In the case of molecules, the large number of spontaneous emissions required for Doppler cooling is a key obstacle to creating ensembles of ultracold molecules due to the high probability of spontaneous Raman transitions to undesired internal states.
Here we present a new form of laser cooling that mitigates these issues. Our technique relies on the adiabatic transfer of atoms to and from a long-lived optically excited state to both slow and cool the atoms. Because the role of spontaneous emission is reduced (though not eliminated) relative to standard Doppler cooling techniques, our technique enables large forces to be generated even on weak transitions, and may facilitate the extension of laser cooling techniques to systems that lack closed cycling transitions. Of particular interest, this technique may be applied to the slowing and cooling of molecules with narrow linewidth optical transitions [13, 14] .
From a more fundamental perspective, this work has important implications for the ongoing discussion of the role of spontaneous emission in dissipating entropy during laser cooling [15, 16] . Our view is that spontaneous emission (or another form of dissipation) is necessary to achieve phase-space compression, but that the total number of spontaneously scattered photons required to do so can be quite low (of order one). Similar conclusions have been reached in the study of optical pumping in high angular momentum states of atoms [17] and cooling with single spontaneous emission events [18] .
To understand our cooling mechanism in its simplest form, we consider a two-level atom with a long-lived optically excited state |e and ground state |g moving in one dimension with velocity v, as shown in Fig. 1a . Two counterpropagating laser beams with wave-number k and frequency ω are linearly ramped in frequency from below to above the atomic transition frequency ω a , with full sweep range ∆ s . This ramp is repeated to form a sawtooth pattern in time, see Fig. 1c . Each laser interacts with the two-level atom with a Rabi frequency Ω, which is tuned to be larger than the spontaneous decay rate γ from |e to |g . The sweep range is adjusted such that ∆ s > Ω, 4kv. We control the frequency sweep rate α = (dω/dt) so that it fulfills the Landau-Zener condition α Ω 2 for adiabatic transfer of atomic populations between ground and excited states. Lastly, the jump in laser frequency at the end of each ramp is considered to be instantaneous, i.e. perfectly diabatic.
In the reference frame of the atom, both cooling beams start below resonance with the atomic transition. Doppler shifts due to the atomic motion cause the beam counter-propagating to the atom's velocity to appear kv higher in frequency and the co-propagating beam to appear kv lower in frequency. As the beams sweep upward in frequency, the counter-propagating beam sweeps over resonance first, and adiabatically transfers the atom from |g to |e . Because of the long lifetime of the excited state, the atom remains in |e until the co-propagating beam sweeps over resonance and adiabatically transfers it back to the ground state. In this process, the atom has absorbed one photon from the beam propagating against its motion, and emitted a photon into the beam propagating along its motion, resulting in a net momentum transfer of 2 k against its motion. The laser frequency is then diabatically jumped back to its start frequency such that the atom remains in |g , and then the process is repeated.
Similar principles have been explored [19] [20] [21] [22] [23] to generate large forces. In these works, the time-ordering of a. v c. Because of Doppler shifts resulting from atomic motion, the co-propagating (counterpropagating) laser beams are resonant with |g to |e transition when the laser frequency ω = ωa − kv (ωa + kv). Because ω increases with time, the counter-propagating laser sweeps over the transition before the co-propagating laser. If the atom starts in |g , the counter-propagating laser transfers the atom from |g to |e as it sweeps over resonance, and the co-propagating laser transfers the atom back to |g . This results in the transfer of two photon recoils of momenta to the atom in the correct direction to slow the atom. (d) Simulation of single atom trajectories in momentum space. When the atoms have large momenta, each sweep lowers the momentum by 2 k. At lower momenta, multi-photon processes can transfer larger amounts of momentum.
the left and right-going pulses is fixed by parameters external to the atom. Here, because the time-ordering of the interaction with the two beams is determined by the atomic velocity, the force always opposes the motion of the atom, and thus causes slowing for atoms moving in either direction. Fig. 1d shows simulated trajectories for atoms that begin at a range of different initial momenta using a Monte Carlo wave function trajectory method. Atoms are prepared in a pure quantum state specified by their internal ground state and fixed momentum [24] . The average momentum over 50 trajectories is calculated at each time step. At high momentum, we observe that each sweep lowers the momentum of the atom by roughly 2 k. At lower momentum, we find that the change in momentum per sweep can greatly exceed 2 k, as multiple photons are transferred between the two cooling beams.
At low momentum, the role of spontaneous emission becomes more important. As the atom is slowed to nearzero velocity, the Doppler shift becomes small compared to the Rabi frequency, kv Ω, and the condition for deterministic time ordering of adiabatic transfers from the two beams no longer holds. When this occurs, the simple picture of sequential adiabatic transfers to and from |e becomes invalid, and the probability that the atom is found in |e at the end of the sweep, which ideally should be 0, becomes appreciable. While the sawtooth frequency sweep leads to slowing for an atom that is in the ground state at the beginning of a sweep, the effect is reversed for an atom that starts in the excited state, which causes acceleration away from zero velocity. In the absence of spontaneous emission, the atom would then find itself on a heating trajectory after initial cooling. The presence of spontaneous emission is therefore critical, as it ensures that the atom preferentially starts in |g at the beginning of each sweep. This breaks time reversibility, enabling cooling and phase space compression to occur.
Experimental study of an atomic ensemble using one-dimensional cooling by adiabatic transfer. (a) An ensemble of atoms, precooled to around 600 µK, is illuminated by frequency-swept counterpropagating beams for a variable amount of time. The one-dimensional temperature is decreased to a steady-state value of 45 µK by the cooling lasers. (b) The phase-space density in one dimension (grey trace) and three dimensions (black trace) is increased during the cooling process.
We experimentally verify that our mechanism leads to cooling by applying two counter-propagating beams to an ensemble of 88 Sr atoms pre-cooled to roughly 600 µK (Fig. 2a) . The frequency of the two beams is swept upwards by ∆ s = 2π × 6.6 MHz every 50 µs. The frequency sweep is centered on the resonance of the dipoleforbidden 1 S 0 to 3 P 1 transition, which has a linewidth of γ = 2π × 7.5 kHz. The two beams are linearly polarized in the direction of a 3.3 gauss magnetic field, such that the light-atom interaction can be described as a two-level system with |g ≡ 1 S 0 , m j = 0 and |e ≡ 3 P 1 , m j = 0 , where m j labels the magnetic Zeeman sub-level.
The cooling beams are applied for a time of 50 µs to 1200 µs (i.e. application of 1 to 24 sweeps) after which the beams are turned off. The temperature of the atomic cloud is determined from a fluorescence image of the cloud after free ballistic expansion for 10 ms. In the direction of beam propagation, we find that for these parameters the atoms are cooled from their initial temperature of roughly 600 µK to 45 µK in of order 300 µs or 6 sweeps.
Importantly, we directly observe an increase in phasespace density during the cooling process, and not simply velocity reduction. We measure atom loss during cooling to be negligible and the relative increase in phase space density is ρ/ρ • = ∆x • ∆v • /(∆x∆v), where ∆x and ∆v (∆x • and ∆v • ) are the measured cloud size and velocity spread after (before) cooling. In Fig. 2b , this quantity is shown as the grey line. The black line in Fig. 2b accounts for measured heating in the orthogonal directions (which for simplicity we have assumed to be equal in the two directions). Note that because the atoms are not confined and the cooling is only applied along one dimension, this increase of phase-space density is much smaller than one would obtain with the same decrease in temperature for three-dimensional cooling in a harmonic trap.
The fact that phase-space density increases indicates that entropy is removed during the cooling process. This may seem problematic for a mechanism that relies heavily on unitary dynamics and stimulated emission. However, as discussed above, the presence of even small amounts of spontaneous emission is critical for breaking time reversibility and enabling phase-space compression. In related works [17, 18] , it was found that the number of scattered photons required to remove entropy from a system can be quite low (of order one).
In these protocols, the timing of the emitted photons encodes key information about the initial state of the quantum system. In an idealized version of our cooling mechanism, the dynamics are completely unitary as the atom is slowed from a high initial momentum. When it reaches some lower momentum threshold, the simple picture of subsequent adiabatic transfer breaks down and the atom begins to scatter photons. In this way, the initial velocity of the atom is encoded in the time delay before the atom began to scatter photons, and the atoms initial entropy in momentum space is mapped onto entropy contained in the measurement record of when photons are and are not spontaneously emitted. While a detailed analysis of the entropy transfer is beyond the scope of the work here and will be explored more fully in future work, we believe that the above picture captures the essential physics of how phase-space compression is achieved. We now turn to a more detailed characterization of the forces involved in the cooling process. Previously, we have considered the case where the instantaneous frequencies of the two beams are equal in the lab frame. If, however, we introduce a fixed relative offset frequency between the counter-propagating beams (as shown in Fig. 3a) , then atoms that are stationary in the lab frame will be accelerated until their velocity matches that of the frame F moving at velocity v F = ∆/2k, in which the two beams appear to have equal instantaneous frequencies.
We apply the frequency-swept beams for a variable amount of time T a , then measure the resulting velocity of the atoms. This is shown in Fig. 3b for several sweep configurations. The green points represent the cooling configuration described above, with the laser frequency adiabatically swept from low to high and diabatically jumped from high to low. The two beams are offset by a detuning ∆/2π = 400 kHz, and are swept by ∆ s /2π = 8 MHz every 33 µs. We observe that the atoms undergo initial acceleration until they reach equilibrium with the velocity of the moving frame v F = 0.14 m/s.
To rule out the interpretation that the atoms are merely being dragged by the moving standing wave formed by the detuned lasers, we reverse the direction of the sawtooth sweep without changing the relative detuning ∆ of the two beams. The standing wave still moves in the same direction as before, but now the atoms accelerate in the other direction. While the upwards sweep causes saturation of the atomic velocity at v F , no such saturation is apparent for a downwards sweep. This confirms that the downwards sweep configuration does not lead to cooling.
Finally, when we apply a symmetric triangle-ramped frequency sweep to the lasers, the atoms undergo a much smaller acceleration, likely due to incidental residual radiation pressure from an intensity imbalance between the two beams.
Because our mechanism relies on stimulated emission, much larger accelerations can be achieved than would be possible with Doppler cooling on such a narrow transition. To quantify this acceleration, we apply the beams for a time much shorter than it takes the atoms to reach equilibrium velocity, and measure the resulting change in velocity. If we apply only one of the two cooling beams, the atoms experience an acceleration consistent with (γ/2)( k/m) = 155 m/s 2 , the expected value for a maximally saturated atom.
We see a far more dramatic effect when we apply both beams at the same time (Fig. 3c) . When the polarizations of the two beams are aligned, we observe a maximum acceleration of around 600 m/s 2 for a sweep period of 20 µs, a factor of almost 4 above both the observed acceleration from the leftward beam alone and the maximum expected acceleration for a two-level atom without stimulated emission. This measured acceleration is within ten percent of the value we would expect if each sweep of the laser frequency led to two photon recoils of momentum transfer, though this agreement may partly be due to a cancellation between the effects of imperfect adiabatic transfers and multi-photon processes. When the polarizations are made orthogonal, the acceleration returns to near the single-beam value, as only one of the beams interacts with |e . An analytic or intuitive prediction of the final temperature has proved difficult, especially in the presence of multi-photon processes. We compare our experimentally measured temperature to simulation in Fig. 4 .
The simulation used is a Monte Carlo wave function approach. While the external electric field associated with the cooling lasers is treated classically, the internal and external atomic degrees of freedom are treated fully quantum mechanically. The wave function contains ground and excited internal states in addition to a discrete family of external momentum states, which are equally spaced in units of k up to a maximum cutoff. The unitary dynamics are generated by the singleparticle Hamiltonian
where the instantaneous phase of the applied coherent field η(t) is the time integrated instantaneous frequency, with the frequency ramped in the sawtooth pattern previously described. Because the full atom and field system is an open quantum system due to the presence of spontaneous emission, a decay operator proportional to the spontaneous emission rate is also included to fully simulate the associated quantum master equation. Both experiment and simulation show a minimum temperature as a function of Rabi frequency. At low Rabi frequency, the Landau-Zener condition α Ω 2 breaks down, leading to inefficient adiabatic transfers. For the parameters used in (Fig. 4) , α = Ω 2 when Ω = 2π × 130 kHz, roughly the point at which temperature is minimized in both the simulation and experimental results.
At larger Ω, both the experimentally measured and simulated temperatures rise with Ω, though the predicted and observed values appear to disagree at large Ω. Several experimental factors could lead to this discrepancy. Because an acousto-optic modulator (AOM) is used to sweep the frequency of the cooling lasers, there are significant power variations during the sweep. Including this effect in our simulation resulted in lower temperatures at high Rabi frequency, and this effect can explain much of the disagreement (as indicated by the red band in Fig. 4) . Furthermore, imperfect laser polarization and finite bias field may lead to cooling on the transitions to 3 P 1 , m j = ±1, especially at high Rabi frequency.
In conclusion, we have demonstrated a novel cooling mechanism in which large accelerations may be achieved even on optical transitions with low scattering rates.
This mechanism may find application to the cooling of molecules, and can improve the performance of atomic cooling using dipole-forbidden optical transitions. From a technical perspective, this cooling method has the advantage of low sensitivity to long-term laser frequency drifts and to perturbations of the atomic transition frequency, for example to those encountered while loading into a deep optical dipole trap [12] .
Extensions and modifications to this cooling mechanism may include the use of circularly polarized beams and magnetic field gradients to form a magneto-optical trap (also observed but to be described elsewhere), near ground state cooling of tightly confined atoms, and application to species without narrow linewidth optical transitions by using Raman transitions. Furthermore, this method could be employed to accelerate, deccelerate, or otherwise control atomic beams or ensembles with strong stimulated forces.
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